Electrolytes with high ionic diffusivity at temperatures distinctively lower than the presently used ones are the prerequisite for the success of, e.g., solid oxide fuel cells. We have found a promising structure having an asymmetric but superior ionic mobility in the direction of the oxygen-ion current. Using a layering of zirconium and yttrium in the fluorite structure of zirconia, a high vacancy concentration and a low migration barrier in two dimensions are obtained, while the mobility in the third direction is basically sacrificed. According to our density functional theory calculations an electrolyte made of this structure could operate at a temperature reduced by ≈200
I. INTRODUCTION
Among fuel cells, the high-temperature solid oxide fuel cell (SOFC) is a very promising candidate due to its high power density and wide variety of possible fuel types. At present the main problem of the SOFC is the required high temperature. The standard electrolyte being used, yttriumstabilized zirconia (YSZ), has insufficient ionic diffusivity below 700
• C for SOFC application and progress was mainly achieved by fabricating extremely thin [1] electrolyte layers of 10 μm and less. To construct a mechanically stable and gas-tight layer of that thickness is a challenging task, however. It is obvious that decreasing the thickness of the electrolyte further will reach its limits in the not too distant future. This shows how important it is to look for alternative approaches to overcome the problem of the high operating temperatures in SOFCs.
In our approach we allow asymmetric ionic diffusivity of the electrolyte. In fact, isotropic diffusivity is not necessary since the ionic current mainly passes between the electrodes in the shortest way and only marginal currents are perpendicular to this direction. Therefore, the permission of anisotropic diffusivity opens the possibility of enhancing, in particular, the ionic current in the main direction.
An electrolyte material with those properties and, therefore, being appropriate for low-temperature SOFC applications is proposed here. This electrolyte is an example for a new class of anisotropic electrolyte materials with superior anisotropic diffusivity. The improvement arises from a strain effect, as in typical sandwiched structures (e.g., Refs. [2] [3] [4] [5] ), but also from two other effects, which are discussed below. Ab initio molecular dynamics calculations demonstrate that the activation energy of the oxygen diffusion in the proposed structure is clearly smaller than the ones in the state of the art electrolytes.
The proposed structure has alternating layers of zirconium and yttrium in the fluorite structure, exhibiting a high charge * j.hirschfeld@fz-juelich.de carrier (oxygen vacancy) concentration of 12.5% and strongly reduced migration barriers in two dimensions. The low activation energy makes applications of this material in SOFCs at temperatures below 500
• C possible. The price paid for gaining the improved performance is a complex synthesizing procedure.
II. THE LAYERED STRUCTURE
A systematic search for anisotropic structures having a favorable diffusivity in at least one direction seems reasonable. A layered cation structure can lead to such anisotropic behavior. Of course, layers are possible in many crystallographic directions [6] . However, criteria can be given as a guide for the search of layered structures with enhanced anisotropic diffusivity. These criteria excluding most of these structures are the following:
(1) Increase of the charge carrier concentration in the system without having to overcome very high migration barriers when passing yttrium ions. This effect requires a layering of the cations with any reasonable thickness.
(2) Obtaining oxygen lattice sites which have exactly one yttrium ion as nearest neighbor but at the same time passing only through zirconium ions in the migration pathway. This favorable arrangement requires a clear alternating layering of the cations.
(3) Increase of the lattice constant to introduce expansive strain, which decreases the migration barrier for oxygen ions. (This effect is desirable in any case.)
One interesting layered structure has been found to fulfill these criteria and have a reduced migration barrier in the direction of interest (cf. Fig. 1 ). In the proposed structure every second cation layer in the (111) plane is a pure yttrium layer and every other is a pure zirconium layer. The direction of oxygen-ion motion takes place in either of these two directions. [7] .
The high yttrium content leads to an increased concentration of vacancies in the system. However, when oxygen passes by an yttrium ion, the migration barrier is nearly twice the one when passing only through zirconium ions [8] . This effectively limits the yttria concentration to 8 mol% in isotropic YSZ, but due to the special arrangement of the cations in this layered structure, no yttrium-induced high barriers are hindering the migration of oxygen ions between the electrodes (criterium 1). Without interactions of the vacancies, the diffusivity would increase linearly with the vacancy concentration. However, high vacancy concentrations give rise to vacancy clustering and repulsion, hindering the oxygen motion. It is shown that no stable vacancy pairs are formed in this construction, and therefore the vacancy-vacancy interaction will have a less serious impact on the oxygen motion.
Pornpasertsuk et al. [8] already reported a decreased migration barrier, when the initial and final lattice site of an oxygen jump have one yttrium ion as nearest neighbor (1NN) (criterium 2). The 1NN oxygen sites around yttrium ions are less favorable for vacancies, which reduces the relevant barrier in the migration pathway along the layering. Due to the high content of large yttrium ions, the lattice is expanded by 2% in comparison to 8YSZ. This is the origin of criterium 3. While this can be obtained just by increasing the yttrium content independently of the dopant distribution the conditions of criterium 1 and criterium 2 require a clear layering of the cations. Criterium 1 just requires the cations to be ordered in layers, independently of the exact stacking order. Lastly, criterium 2 can only be achieved in a structure with alternating monolayers in the (111) plane. In the fluorite structure only this configuration exhibits oxygen pathways without passing yttrium ions and with nearest neighbor yttrium ions at each oxygen lattice site.
Since the vacancies disfavor 1NN positions to yttrium ions, the lattice sites with three yttrium ions as 1NN (Zr 1 |Y 3 ) are avoided by the vacancies. This leads to a motion along zigzag paths in the zirconium layers, which is effectively limited to two dimensions. In the third geometric direction, the barriers are very high due to the yttrium layers, making a motion into this direction basically impossible.
To O ). Since the proposed structure is highly ordered, it cannot be expected to form spontaneously. Calculations concerning the stability of the cation lattice have been executed, showing that the proposed structure is similar in energy to the pyrochlore structure. Furthermore, Xiao et al. [9] found defect-fluorite structures being more stable than the pyrochlore structure. This shows that the proposed structure is not the ground state of the Zr 2 Y 2 O 7 compound. However, tentative calculations indicate high migration barriers for cations in this structure (≈9 eV without cation vacancy and ≈2.5 eV for cationvacancy diffusion), which reflects the reported small cation diffusion at SOFC operation temperatures in YSZ [10] .
It has to be considered that while for the oxygen ion movement the macroscopic scale is relevant, the diffusion of zirconium and yttrium only needs to overcome rather small distances to hinder the oxygen ion current. However, if no cation vacancy is present, no diffusion of zirconium or yttrium ions are possible due to the extremely high barrier of ≈9 eV. This means that during the fabrication process a ≈20 % surplus of Y ions in the Zr layers is tolerable. From two-dimensional percolation theory [11] it is clear that the infinite Y cluster in a Zr layer will occur at about 50% Y in the Zr layer, but the ionic conductivity will break down earlier, since each Y ion prevents good conductivity in its neighborhood.
The case of cation vacancies is more intricate, since the migration barrier of about 2.5 eV for a jump of a cation into the vacancy is not high enough to exclude cation migration affecting oxygen diffusion. At an operation temperature of 500
• C and with a typical vibrational coefficient of ν 0 = 5 THz for oxygen, we get the jump rate
The movement of zirconium or yttrium ions in their layered planes does not affect the oxygen-ion movement at all, but jumps from layered planes into neighboring layered planes can multiply the misplaced cations. Therefore, the rate of the relevant jumps is 3 × 10 −5 Hz, meaning that after 100 days of continuous operation at 500
• C a single vacancy may have produced about 250 relevant misplaced cations. From this we conclude that under these conditions the vacancy concentration must be less that 0.1 %. Therefore, the result is that vacancies of cations have to be avoided in our structure. One possible preventive measure could be a small surplus of cations during the fabrication process.
However, this estimation shows that also for larger concentrations of cation vacancies, the layered structure is metastable to a degree, which should at least be sufficient for experimental verification of its properties. Technologically sophisticated methods like molecular beam epitaxy (MBE) [12] are available to synthesize the proposed structure layer by layer for measurements of its properties.
We want to point out that this is only one example of this type of anisotropic structure. A related example is the Y 2 Zr 4 O 11 structure found by Predith et al. [13] having incomplete yttrium layers in the (111) plane of the fluorite structure. They found this structure to be the ground state of the Y 2 Zr 4 O 11 compound being stable with respect to the monoclinic and the δ phase. However, nothing is known about the ionic motion in this structure.
III. VACANCY-VACANCY INTERACTIONS
The density functional theory (DFT) computations presented here are all executed in the VASP code using the projector augmented wave (PAW) method with the Perdew-BurkeErnzerhof (PBE) function. The energy cutoff was 600 eV and only the γ point has been used for k-point sampling. Fig. 2) . By comparing the energies of the smallest stable vacancy separation with larger separations, we observed a further decrease of energy with increasing separation, indicating repulsion of vacancies over bigger distances.
While in this system the vacancies cannot keep nearby lattice sites, such behavior is not observed in 8YSZ. In contrast, it is known that, especially at high vacancy concentrations, the
FIG. 2. (Color online) Local vacancy-vacancy correlation in one layer with two vacancies (V 2+
O ). When a vacancy is located at the blue (gray) spot (center of the circle), there can be no second vacancy on the surrounding oxygen sites, indicated by the circle. The simple crosses indicate unstable positions for a second vacancy due to the V-V repulsion and the circled crosses indicate Zr 1 |Y 3 lattice sites being generally unstable for vacancies in this system [7] . vacancies will cluster and form stable pairs. In no calculation of the proposed structure has such clustering been observed.
To figure out whether the absence of vacancy clustering is a numerical artifact or in fact physical, the vacancy pairs have been calculated in pure zirconia (3 × 3 × 3 cell with a 3 × 3 × 3 k-point mesh and also with an adapted number of electrons to obtain YSZ-like V [15] assumed that this happens when the cubic phase is not fully stabilized, which is consistent with the here-investigated pure zirconia system. This shows that the formation of vacancy pairs as described in literature is reproduced in the pure zirconia system and the absence of this clustering effect is due to the specific configuration of our structure, not due to numerics.
Using again the layered 4 × 4 × 4 cell with only two vacancies, the migration barrier has been computed. In Fig. 3 the minimum energy pathway (MEP) between two stable positions is shown determined by the nudged elastic band (NEB) [16] method. Due to the second vacancy, the jump is not symmetric. Both the forward and the backward jump have a barrier of about E ≈ 0.1 eV. This is smaller by a factor of six than the literature values corresponding to a randomly displaced oxygen sublattice [17] of 8YSZ. However, this barrier is determined in an idealized case, in which only two vacancies are present in the system and are sufficiently far away from each other. It will become clear that in the case of small barriers it is the correlation of vacancies which mainly determines the activation energy of the diffusion process. Hence, the potential surface in the case of 16 vacancies (12.5%) in the computational cell is highly complicated and cannot fully be grasped by determining migration barriers alone, but the dynamics in the whole system needs to be accounted for.
To get an idea of how the barriers in the system with all vacancies look, the 16 vacancies have been distributed randomly throughout the two zirconium layers of the supercell. Except for choosing only Zr 3 |Y 1 oxygen sites, no further rules have been applied in the distribution. After setting up the cell, the ions have been relaxed to the next local minimum. Subsequently, the MEP for the motion of one vacancy over five lattice sites has been computed. From these calculations we conclude first that vacancies can keep closer than observed in the two-vacancy case. In fact, it is possible for two vacancies to be on directly neighboring lattice sites, if further vacancies surrounding their positions prevent their departure. It has to be pointed out that this is a special case and the computations do not allow conclusions about how stable this configuration is and how likely it is for this configuration to arise in a dynamical system. Second, the observed barriers in this specific configuration vary between 0.1 and 2 eV, showing the effect of the vacancy repulsion.
Since these high barriers do not result from vacancy pair bonds but from vacancy repulsion, this means that as soon as the vacancies inducing such correlation effects move away, the barrier in this direction will drop.
From the PBE-DFT computed density of states of the layered structure including all 12.5% vacancies it can be seen that it has a wide band gap of E Gap = 3.5 eV, being larger than the one computed in pure zirconia (E Gap = 3.1 eV).
IV. MOLECULAR DYNAMICS
As mentioned before, the correlation effects in the layered structure due to the high number of vacancies leads to a complexity, which cannot be represented by simple interactions as, e.g., the Buckingham potential [18] . To determine the diffusion in the layered structure in spite of the complex interactions, ab initio molecular dynamics as implemented in VASP are employed. From the computational demand of this framework follows a rather limited size of the calculations both in spatial and temporal extent. Thus, this approach clearly has the caveat that the statistics are not as good as in classical pair-potential MD. This is especially the case at low temperatures, when the dynamics is low and the number of jumps is small.
The MD computations are executed in the 4 × 4 × 4 supercell of the layered structure including plane waves up to an energy cutoff of 300 eV by sampling the Brillouine zone using only the γ point. For the description of the thermodynamics, a canonical ensemble is considered, and the temperature is controlled by a Nosé thermostat. The time t dependent mean squared displacement r 2 of the oxygen ions is connected to the activation energy E A of the diffusion process by the Einstein relation
with the dimensionality of the diffusion process d, the temperature T , the Boltzmann constant k B , and the diffusivity at infinite temperature D 0 . The diffusion process in our structure is two dimensional, thus d = 2. Due to the periodic boundary conditions, the oxygen ions can leave the cell and enter it again on the corresponding position on the other side of the cell. This has explicitly been accounted for when computing the mean squared displacement by considering the motion of such ions as smooth trajectories out of the computational cell. A configuration with equally distributed vacancies is used as a starting point for a series of MD runs with different temperatures to determine the diffusivity and by that the In Fig. 4 the MD results are shown. The effective migration barrier is E A = 0.42 eV and thus higher than the migration barrier determined with negligible vacancy interactions E = 0.1 eV, but it is much lower than the high barriers of about E ≈ 2 eV observed in the static barrier computations with all vacancies. In fact, obtaining an activation energy of about 0.4 eV is a very good result, showing how the intelligent positioning of cations in the system leads to a reduction in activation energy. In experiments the value for 8YSZ is typically about 0.8 to 1 eV [19] . In simulations, the obtained migration barriers are usually lower than the experimental ones. Devanathan et al. [19] gave a summary of some numerically determined migration barriers in 8YSZ from different sources. Typical values are about 0.6 to 0.8 eV. Also in comparison to gadolinium-doped ceria (GCO), with an experimental activation energy of about 0.65 to 0.75 eV [20] , and LSGM, with an experimental activation energy of about 0.7 to 1.0 eV [21] , the proposed structure seems to be advantageous.
This shows that the activation energy of the oxygen diffusion in the layered structure is significantly lower than in common electrolyte materials, leading to higher performances especially at lower temperatures. Based on the activation energies in standard 8YSZ and in our layered structure, one can expect performance in the layered structure at an operating temperature of ≈500
• C to be comparable to the performance in 8YSZ at ≈700
• C.
V. CONCLUSIONS
Electrolytes require high ionic mobility. However, in the YSZ electrolyte, mostly used in the SOFC, the ionic mobility becomes insufficient below ≈700
• C. This serious deficiency is one of the reasons preventing a breakthrough of the SOFC as a widely used energy converter.
In the present paper we exploit the fact that the ionic mobility needs not be isotropic. Only the mobility in the direction of the oxygen-ion current is essential. Therefore, an intelligent configuration of YSZ has been proposed, harnessing the strain-dependent barrier, the avoidance of yttrium-induced high barriers along the pathway, and the reduction of the relevant migration barrier by neighboring yttrium dopants. In this way an increased diffusivity of the compound has been achieved in two dimensions. According to our DFT computations, the activation energy of this diffusion process is only E A = 0.42 eV, resulting in superior ionic mobility and allowing a substantially lower operating temperature of ≈500
• C. The mobility in the third dimension has been sacrificed. The price to be paid for the superior mobility in the relevant directions is a nontrivial layered structure that probably needs more complicated synthesizing methods, such as molecular beam epitaxy.
